ABSTRACT. Energy confinement is studied in lower hybrid current driven (LHCD) plasmas in Alcator C in the density range ii = (1-8) x 1013 cm-3 . In LHCD plasmas, the stored energy in the electron tail Wail can be a significant fraction of the total stored energy W"*, especially at lower densities. At sufficiently low densities, the energy confinement time of the high energy electrons is expected to become shorter than their collisional energy slowing down time, and direct energy losses from the electron tail can become important in the overall power balance. The global energy confinement time, defined as rE** = W**t/Ptot, is found to be comparable to or exceed that in ohmically heated (OH) plasmas at low densities n, < 3 x 1013 cm-3 , where a steady state current can be maintained with * present address : University of Texas, Austin, Texas, U.S.A. 1 relatively low rf power. However, at higher densities where substantially more rf power is needed (relative to the ohmic power required to maintain a similar plasma), a deterioration of rtot relative to ohmic confinement, similar to that predicted by the neutral beam heated L-mode scaling, is observed.
relatively low rf power. However, at higher densities where substantially more rf power is needed (relative to the ohmic power required to maintain a similar plasma), a deterioration of rtot relative to ohmic confinement, similar to that predicted by the neutral beam heated L-mode scaling, is observed.
Theoretical modeling with the aid of a ray tracing-Fokker Planck-transport code suggests that the deteriorated confinement in this high density, high power regime may be attributed to an enhanced bulk electron thermal diffusivity. In a combined OH-LHCD plasma, a value of r' greater than the ohmic value is obtained as long as the applied rf power does not significantly exceed the ohmic power.
INTRODUCTION
Energy confinement in auxiliary heated tokanak plasmas has received considerable attention in the past few years. Although energy confinement in neutral beam heated plasmas has been studied extensively and is well documented [1] , the study of energy confinement in intensely rf (radio frequency) wave heated plasmas has only recently begun and relatively little information is available at present [2, 3] .
We report here the results of energy confinement studies performed during lower hybrid current drive (LHCD) on the Alcator C tokamak [4, 5] . In particular, we have been able to study energy confinement in tokamak plasmas which are maintained purely by non-inductive means (PAux/PoH = oo) using LHCD. We shall concentrate mainly on energy confinement in such purely rf maintained plasmas in the present paper. Results from combined OH-LHCD plasmas are also discussed.
LHCD experiments were performed in hydrogen plasmas in the Alcator C tokamak with parameters in the range BT = 7-11 T, Ip = 100-200 kA, n, = (1- The plan of the paper is as follows : A discussion of power balance during LHCD is presented in Sec. 2. The analysis method is also outlined. In Sec. 3 the scaling of energy confinement time in LHCD plasmas is discussed and compared with that of OH plasmas, and also with a neutral beam scaling. In Sec. 4 the transition from purely OH to purely LHCD plasmas is discussed together with the effects of finite inductive electric field. Results of code modeling of these experiments are presented and discussed in Sec. 5. Finally, in Sec. 6 the conclusions are given.
POWER BALANCE DURING LHCD
A schematic diagram of the power balance model applicable to LHCD and LH electron heating is shown in Fig. 2 . A large fraction of the rf power injected into the plasma, Pab, = r7abPrf, is expected to be absorbed via electron Landau damping by tail electrons resonant with the wave phase velocity. Since the tail electrons are not perfectly confined, the power collisionally dissipated on the bulk electrons, Pd, is only some fraction of this absorbed power, depending on the relative magnitudes of the collisional slowing down time and the electron tail confinement time. The remainder of the absorbed power is lost directly from the tail before slowing down on the bulk, either by radiation or by transport. The presence of such loss mechanisms are evidenced by large increases in plasma hard X-ray Bremsstrahlung radiation, superthermal electron cyclotron emission, and limiter hard X-rays during the LHCD phase compared to the OH phase. The limiter hard X-ray signal is shown in Fig. 1 .
The transport loss to the limiters is believed to be the dominant direct tail loss mechanism in Alcator C LHCD plasmas[6. Bulk ions are heated through collisional equilibration with electrons. For simplicity, in the present analysis of overall power balance, we shall not separate out the bulk ion transport from the bulk electron transport.
We can define the bulk energy confinement time 4 U'V = Wbulk/Pd, which characterizes the confinement property of the bulk plasma. I, = 140kA, and H, = 6 x 1013 cm-3, was somewhat broader (10-20% in the profile width) than the electron temperature profile. Since only the central ion temperature measurements were available under other conditions, the ion temperature profile width was scaled with the electron temperature profile width. The density profiles of both OH and LHCD plasmas had a typical peak-to-average ratio of 1.5
in this "low density" (f, < 1 x 1014 cm-3) regime, corresponding to a parabolic profile.
The time evolution of the central electron temperature, as measured by Thomson scattering, is shown in Fig. 3 for the LHCD and OH plasmas illustrated in 2 and ti/2 = (B,(r) 2 ) /B,(a) 2 , where the brackets denote volume average, P 11 and P 1 are the parallel and perpendicular elements of the relativistic pressure tensor [10] , and B, is the poloidal magnetic field. Based on the electron tail distribution function inferred from angular plasma hard X-ray measurements [6] , we estimate p 1 ai/ptail : 2 for the tail component.
The value of P, + ei/2 obtained from the equilibrium field measurement is shown as a function of plasma current in Fig. 5 for both LHCD and OH plasmas at constant BT and fi,. The thermal contribution to 3,, denoted as ,u""', is determined from the temperature and density profile analysis, and the results are also displayed in Fig. 5 A rather large uncertainty in determining eI/2 experimentally (uncertain by up to 0.1) introduces a corresponding uncertainty in the tail stored energy Wail.
In LHCD plasmas, the current density profile is not necessarily related to the electron temperature profile through resistivity. Recent measurements by the ASDEX group [11] indicate that the current density profiles of LHCD plasmas are broader than that obtained by assuming j(r) oc T,(r) 3 / 2 . Such a result is also predicted by our numerical modeling. The plasma hard X-ray (30-500keV) profile, which reflects the profile of current carrying high energy electrons, was also consistently broader than the electron temperature profile [12] , and its scaling with plasma parameters was similar to that of the electron temperature profile. Although Ii/2 could not be determined absolutely from the hard X-ray profiles, they can be used as a qualitative measure of how the current density profile changes with plasma parameters.
The dependencies of the central electron temperature and its gaussian profile width on plasma current are shown in Fig. 6 for the case shown in Fig. 5 . The widths of the plasma hard X-ray gaussian profiles at different energies, obtained using a vertically viewing eight detector array, are shown in Fig. 7 as functions of plasma current. These observations lead us to calculate an upper limit on e4/2 using the
We have chosen to use the relationship j(r) oc T, (r) to calculate a lower limit on e4/2. Since the bulk electron heating power is provided solely by the collisional slowing down of the current carrying energetic electrons in purely rf-driven LHCD plasmas, the bulk electron temperature profile is expected to be broader than the slowing down power profile, Pd(r), which would be well represented by j(r) if the shape of the tail distribution function fj" 1 were independent of minor radius. However, this lower limit is not a strict limit. If, as suggested by the plasma hard X-ray data shown in Fig. 7 , the tail distribution function were more energetic at larger minor radii, a heating profile Pd(r) which is narrower than j(r) is possible, because Pd is weighted toward lower energy electrons whereas j is weighted toward higher energy electrons. If in fact j(r) were broader than T,(r In addition to the equilibrium field measurements, at a density of 7, = 3 x 1013 cm~3 and a current of I, = 140 kA, it has been possible to infer the electron tail distribution function fjIil (p 11 , p) from the data obtained with plasma hard X-ray detector arrays [6] . Hard X-ray emission from high energy electrons are collected at five different angles with respect to the magnetic field. Together with the spatial profile data obtained from the eight detector vertical array, the two-dimensional electron tail distribution function, fi"(pj,pi) is reconstructed, exploiting the anisotopic nature of the Bremsstrahlung radiation pattern [13] . We note that the spatial structure of the electron tail distribution function could not be determined by this method, and the reconstructed distribution function represents a spatial average. Using this distribution function, the stored energy in the electron tail Wtai, the collisionally dissipated power on the bulk plasma Pd, and radiated powers (Bremsstrahlung power PB and cyclotron power Pc) have been estimated.
An example of power balance for a typical LHCD plasma, obtained using this technique, is summarized in Table I . For the present case, Wt** _ 1.4 kJ, Pd ~ 150 kW, P ~ 16 kW, and PB ~ 0.01 kW [6] . The tail stored energy calculated from the equilibrium measurements, Wtas = 1.3±0.5 kJ, agree within experimental uncertainties with that deduced from the hard X-ray measurements, Wt*" = 1.4 0.3 kJ. It is seen that Wt"' is comparable to (or even larger than) W"", and that the radial power loss from the tail,
, represents a significant fraction of the input rf power P .1 = 300 kW according to the present analysis.
However, we note that there is a large uncertainty in the determination of Pd (and therefore, on P) because of its sensitivity to the low energy part of the distribution function, which is not well diagnosed by the hard X-ray emission technique. For this case rto~ 8 ms (based on hard X-ray measurements), Trgt ~ 7 ms (based on ,3p + 1i/ 2 ), and T uk ~ 7ms, which are to be compared with b,1k = t* 5ms
for an identical ohmic discharge. The value of -r 4 k is more uncertain than 4rt
because of the large uncertainty in the determination of Pd noted earlier.
SCALING OF ENERGY CONFINEMENT TIME IN LHCD PLASMAS
In this section we discuss the scaling of the global energy confinement time with various plasma parameters. In particular the confinement times obtained in LHCD plasmas are compared with those obtained in OH plasmas under identical conditions (a comparison of LHCD and OH plasmas is shown in Fig. 1 is only a first step towards characterizing the confinement properties of the LHCD plasmas in relation to better documented neutral beam heated plasmas. In reality, a quantitative determination of X,(r), the electron thermal diffusivity profile, would be needed to determine electron transport in LHCD plasmas. However, such a determination was not performed in the present experiment because the rf power deposition profile is not known experimentally.
In Fig. 8 are shown the energies stored in bulk electrons and ions for both LHCD and OH plasmas as functions of density at constant BT and I,. For the LHCD plasmas, note that Pf must also be varied in order to maintain a steady state current, as indicated on the top axis. (The scaling of the confinement time with power cannot be separated from that with density in LHCD experiments.)
While the bulk stored energy for the LHCD case is nearly the same as for the OH case at lower densities, it becomes larger than the OH case at higher densities, although the difference in the stored energies are smaller than the difference in the total input powers. (Note that POH 2 200 kW is nearly constant at all densities.)
The variations of the confinement times for this density scan, obtained following the same procedure as outlined in Sec. 2, are shown in Fig. 9 and Table II ). The dashed line indicates rg calculated for the present experimental parameters using Kaye-Goldston scaling. Whether the good agreement with the experimental rtt is an indication that such a scaling law also holds in LHCD plasmas or is just a coincidence must wait until the LHCD data base is further expanded, including data from other tokamaks.
The most interesting feature of this scaling is a possible indication that the values of rt* obtained at low densities H, < 3 x 10" cm-3 , where plasmas can be maintained with modest rf powers, may exceed the ohmic confinement time. Unfortunately, the uncertainty in evaluating rtt becomes large in this density regime because the fraction of energy stored in the electron tail becomes larger as the density is decreased. The value of rE Wb tLk/P' t, with the tail stored energy excluded, also approaches the ohmic value at these densities because Ptot approaches the ohmic value and the values of Wbulk are similar for the two cases (see Fig. 8 ).
The radiated power loss did not play an important role in the energy balance at densities i, > 4 x 1013 cm-3 , and cannot be responsible for the deterioration of r4'
at high densities and high rf powers [5] . The spectroscopically determined radiated power due to molybdenum line emission (the dominant impurity species for radiation losses in these plasmas), and Zf f determined from visible Bremsstrahlung, are
shown as functions of density in Fig. 10 . The absolute value of the radiated power due to molybdenum is uncertain by a factor of two. The bolometrically determined total radiated power behaves similarly, but the absolute calibration is presently more uncertain than the spectroscopic measurements. The rf power needed to maintain a steady state plasma current is also shown in the same figure. Since the fractional radiated power Prad/Pf decreases at least like 1/e, the deteriorated global energy confinement time in the LHCD case compared to the OH case cannot be explained by radiation losses.
The scaling of rgto with I,, corresponding to the case of Fig. 5 , is shown in the electron tail energy included, has an increasing trend, although data are also consistent with a scaling independent of plasma current, because of large uncertainties in the determination of the tail energy using the present method. A more direct measurement of either the tail energy or the current density profile is needed in order to reduce these uncertainties.
The scaling of _rg with the toroidal magnetic field was also studied in the range BT = 7-11 T. Because the current drive efficiency increases with toroidal field [4] , the rf power was lowered as BT was raised. The ohmic power remained constant with BT. Both r and rt for the LHCD plasmas increased by nearly 50% when the toroidal field was increased from BT = 6.9 T to 10.4 T (with a corresponding decrease in P,, from 380 to 620kW), while the ohmic confinement time was nearly independent of BT, as shown in Fig. 12 . The global energy confinement time, Irg, of the LHCD plasmas were again comparable in magnitude to ohmic values. Because the profile data for this scan were not as complete as those for the density and current scans, we have assumed that fi/2 for the LHCD and OH cases were the same in order to obtain Wt"' for the LHCD plasmas, which results in an underestimate of the tail stored energy. If we assume that there is no explicit dependence of Trs t on BT, the toroidal field scan for the LHCD case is equivalent to a power scan at fixed ie and I,, indicating that the deterioration of r'S t relative to ohmic values observed at higher densities may really be a deterioration with power alone rather than with density.
THE EFFECT OF INDUCTIVE ELECTRIC FIELD
In order to study the transition from purely OH to purely LHCD discharges, and to investigate a possible existence of an optimum regime in combined OH-LHCD plasmas, we have varied Pf, keeping other parameters constant at BT = 8 T, I, = 200 kA, and fl, = 4 x 10" cm-3 . The plasma current was feedback controlled so that POH varied accordingly (P, /PoH = 0 --oo). An OH shot, a fully rf-driven LHCD shot, and a combined OH-LHCD shot are shown in Fig. 13 . As shown in Fig. 14 we find that with the application of even a small amount of Pf, Wtail increases significantly because of combined effects of rf velocity space diffusion and acceleration due to the inductive electric field. The internal inductance ti/2 was again assumed to be unchanged by the application of rf power. On the other hand, for P, < 150 kW corresponding to rf powers less than approximately half of the original ohmic power, the total input power Pt,, actually drops because the decrease in the loop voltage more than compensates for the added amount of Prf as shown in Fig. 15 . The result is an increased rg* in these combined OH-LHCD plasmas, as shown in Fig. 16 . However, Wa" does not increase appreciably as Pf is increased further, and Tr& drops to a value comparable to the ohmic value when all the current is replaced by the rf current (Pqf/PoH = oo). If the current profile did not stay constant but broadened with increasing rf power, the tail energy Wait would be underestimated at high rf powers. The quantity rE = W""'/Prt, which represents a lower limit on the bulk energy confinement time b" 1k Wbulk/Pd, is comparable to the ohmic case when Pit~ is comparable to that for the purely ohmic case, but it deteriorates with increasing Pto . An improved rg over the ohmic value has been reported from the Petula-B tokamak, although the maximum in r was obtained when T took the minimum value [16] . In the present experiments, the bulk electron stored energy stays roughly constant at Wbulh -_ 1.1 kJ for the entire range of Pf /PoH and no significant temperature drops were observed. In larger machines with better electron tail confinement, additional heating of the bulk plasma and an improved rB might be expected in this regime.
NUMERICAL MODELING
In order to interpret the experimental results presented in Sec. 3, particularly the deterioration of the global energy confinement time rgt at higher densities (and powers), we have used a ray tracing-Fokker Planck-transport code developed by Bonoli and Englade [17] to model energy confinement properties in these purely LHCD plasmas. We have considered some possible causes of the degraded confinement time, such as an enhanced thermal diffusivity of the bulk plasma over the ohmic value, poor rf absorption efficiency, broader (or even hollow) rf power deposition profiles relative to ohmic power deposition profiles, and poor electron tail confinement.
The wave absorption and the modification of the distribution function are treated self-consistently in the code. The effect of enhanced perpendicular temperature of the tail is modeled using the formalism of Fuchs, et al. [18] A direct electron tail loss mechanism due to radial diffusion was included and was modeled with a phenomenological energy dependent confinement time [19] of the form -r-= rof, where ro has a value comparable to the bulk electron energy confinement time rEe in LHCD plasmas. This form of the electron tail confinement time reflects the notion that higher energy electrons experience less radial transport [20] . The radial diffusion of the rf current, corresponding to the diffusion of high energy electrons, was modeled by an anomalous current diffusion coefficient (compared to classical resistive diffusion), whose magnitude was approximately 0.2 times the bulk thermal diffusivity. The magnitude of the current diffusion coefficient is determined selfconsistently with the electron tail loss model discussed above, and corresponds to an energy average of the velocity dependent diffusivity [19] . This model reproduced centrally peaked current density profiles experimentally indicated by the peaked plasma hard X-ray profiles, and the time scale (typically 20ms) for the surface loop voltage drop. Such a diffusion may be driven by the tendency of the plasma to assume a self-consistent current density proffle [21] . Slowing down of these high energy electrons would then produce a centrally peaked bulk heating profile. The profile of the collisional slowing down power was diffused accordingly, and the resulting profile was used as the bulk electron source term in the transport code. The electron thermal transport was modeled with the bulk electron thermal diffusivity proposed by Tang [22] . The electron thermal diffusivity in LHCD plasmas was taken to have the same radial profile as that in OH plasmas, with a constant enhancement factor across the whole profile, so that x.,HCD(r) = MeXOH(r) where M, is a constant multiplier. The ion diffusivity Xi(r) was modeled as a constant multiplier times the neo-classical diffusivity [23, 24] , and the same multiplier was used for LHCD case and the OH case.
The tail confinement time parameter ro (and therefore, the rf current diffusivity) is determined by the requirement to match the experimental current drive efficiency, and was found to be represented well by a constant value of To = 3.25 ms at all densities. The minimum amount of power which must be supplied in order to maintain a given amount of steady state current is given by the power dissipated collisionally on the bulk electrons, Pd. If the rf absorption efficiency were not perfect (77.,a Pa&./P-f < 1), or in the presence of finite radial tail losses (P = Wti/4ra" > 0), the current drive efficiency 77CD = eIR/P.r would become lower than the ideal case because more input rf power P,. 1 is required (see Fig. 2 ). The possibilities that the degradation of rf absorption efficiency or an increased fraction of direct electron tail loss are responsible for the confinement deterioration at higher densities must be ruled out because of the restriction on 77CD, which has been observed experimentally to be roughly independent of density.
The only free parameter remaining is the electron thermal diffusivity multiplier M,, which represents the degree of degradation of the bulk electron energy confinement relative to ohmic plasmas. The value of M, was adjusted to reproduce the experimental electron temperature profile.
The rf power deposition profiles P,(r) (power absorbed by electron Landau damping and collisional damping) predicted by the code at different densities are shown in Fig. 17 . Direct collisional damping of the incident waves is significant only near the plasma edge and accounts for less than 20% of the total input power even at the highest density W, = 7 x 1013 cm-3. The deposition profiles are fairly similar for the three densities shown, with a slightly more central deposition at the lower densities, but by itself not enough to account for the observed deterioration of energy confinement. In the presence of spatial diffusion, the bulk electron heating profile becomes more centrally peaked. Within the limitations imposed by the code model, it can be concluded that the confinement degradation cannot be explained by a change in the power deposition profile, but can be attributed to the increased enhancement factor M, over the ohmic diffusivity as the density and the input rf power are increased.
The results of the numerical simulations are summarized in Table II . Here, Pab, is the power absorbed by electron Landau damping, Pd is the power dissipated on bulk electrons by collisional slowing down, and P is the direct power loss from the electron tail due to radial transport (see the diagram shown in Fig. 2 ).
The power not absorbed by electron Landau damping, Pit~ -Pb,, was absorbed near the plasma edge by collisional damping. The confinement times are defined as r* = W t */Pb and 4 lk = Wbulk/Pd. We see that while the low density (li, = 3 x 1013 cm-3 ) plasma can be modeled satisfactorily with diffusivities similar to those of ohmic plasmas, the diffusivity had to be enhanced by a factor of approximately 2 over the ohmic value at higher densities. In contrast to the ohmic diffusivity which is inversely proportional to the density, the diffusivity in LHCD plasmas is nearly independent of density if no explicit dependence on input power is assumed. Alternatively, a direct dependence of X, on the heating power [25] may be cancelling the density dependence, although such a direct scaling with power cannot be confirmed experimentally in LHCD plasmas.
CONCLUSIONS
Energy confinement properties of purely rf maintained LHCD plasmas and combined OH-LHCD plasmas have been studied. In purely LHCD plasmas, both the magnitude and the scaling of rg'* with H, (and simultaneously with Pot) appear to be similar to those predicted by Kaye-Goldston scaling. The scalings with I, and BT are more uncertain because of limited ranges investigated. At lower densities, iie, < 3 x 1013 cm-3, where a LHCD plasma can be maintained with modest rf powers, Tg* was found to be comparable to, or even exceed the ohmic confinement times.
However, at higher densities where substantially more rf power (compared to the ohmic power) is needed to maintain a purely rf-driven LHCD plasma, a deterioration of rg t t relative to the ohmic confinement time is observed. This deterioration is likely to be associated with increasing power rather than with the density itself.
At low densities in LHCD plasmas, Wtai can be a significant fraction of Wtot.
Furthermore, our measurements and numerical modeling suggest that a significant fraction of the absorbed power is lost directly from the high energy electron tail before thermalizing by collisions on the bulk plasma, especially at low densities.
In future large scale experiments in which the energy slowing down time is short compared to the tail electron energy confinement time, this tail loss is expected to become unimportant, which may result in an improvement in bulk plasma heating efficiency.
Results of code modeling indicate that the observed deterioration of Trtg at high densities (and high rf powers) is caused by an enhanced electron thermal diffusivity over the ohmic value, rather than mechanisms such as a reduced absorption efficiency, an increased electron tail loss, or an off-central deposition profile.
In combined OH-LHCD plasmas, by the rf driven current, the rf power requirements are reduced. Such a regime is expected to extend up to even higher densities (up to the current drive density limit [26] ), and may prove to be an attractive way to enhance energy confinement.
Recent sawtooth stabilization experiments [27, 28] were carried out in this mode of operation. Energy confinement in combined experiments using lower hybrid and other forms of auxiliary heating methods remains a subject of future study.
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